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Tuberculosis (TB) remains a significant global health problem for which rapid diagnosis is critical to both treatment and con-
trol. This report describes a multiplex PCR method, the Mycobacterial IDentification and Drug Resistance Screen (MID-DRS)
assay, which allows identification of members of the Mycobacterium tuberculosis complex (MTBC) and the simultaneous ampli-
fication of targets for sequencing-based drug resistance screening of rifampin-resistant (rifampin®), isoniazidr, and pyrazin-
amide* TB. Additionally, the same multiplex reaction amplifies a specific 16S rRNA gene target for rapid identification of M.
avium complex (MAC) and a region of the heat shock protein 65 gene (hsp65) for further DNA sequencing-based confirmation
or identification of other mycobacterial species. Comparison of preliminary results generated with MID-DRS versus culture-
based methods for a total of 188 bacterial isolates demonstrated MID-DRS sensitivity and specificity as 100% and 96.8% for
MTBC identification; 100% and 98.3% for MAC identification; 97.4% and 98.7% for rifampin® TB identification; 60.6% and
100% for isoniazid® TB identification; and 75.0% and 98.1% for pyrazinamide® TB identification. The performance of the MID-
DRS was also tested on acid-fast-bacterium (AFB)-positive clinical specimens, resulting in sensitivity and specificity of 100% and
78.6% for detection of MTBC and 100% and 97.8% for detection of MAC. In conclusion, use of the MID-DRS reduces the time
necessary for initial identification and drug resistance screening of TB specimens to as little as 2 days. Since all targets needed for
completing the assay are included in a single PCR amplification step, assay costs, preparation time, and risks due to user errors

are also reduced.

he diagnosis and control of tuberculosis (TB) is a very signif-

icant problem in global health. A recent report by the World
Health Organization (WHO) estimates that Mycobacterium tuber-
culosis, the causative agent of the disease, has infected one-third of
the world’s population (71). TB can persist in a latent state within
infected individuals for decades (69). Progression to active disease
occurs in approximately 5% to 10% of immunocompetent indi-
viduals and triggers the frequent cough that enables the organism
to be transmitted (11). Moreover, effective treatment of patients
with active TB has become more difficult with the increasing prev-
alence of multidrug-resistant (MDR) strains (7, 70). MDR-TB is
resistant to both of the first-line drugs rifampin (RIF) and isoni-
azid (INH) (8). MDR-TB cases have been estimated to account for
one in four new TB cases in some parts of the world (70). In the
United States, MDR-TB cases comprise approximately 1.1% of
new TB cases, with the majority of these cases imported from
regions where the disease is endemic.

All members of the M. tuberculosis complex (MTBC) are capa-
ble of causing pulmonary disease, and early diagnosis is the most
effective means of TB control. Culture-based identification re-
mains the gold standard method for TB diagnosis (10). However,
culture-based identification of MTBC and traditional drug sus-
ceptibility testing (DST) can take up to 6 weeks due to the low
growth rate of the organism. Molecular assays that use genetic
markers such as insertion sequence 6110 (IS6110) allow the sensi-
tive and specific detection of MTBC (16, 18) and can often provide
results within a day. DNA sequence-based approaches that screen
for mutations associated with drug resistance have become a valu-
able tool for the early identification of resistant TB isolates (55, 60,
76). For example, over 95% of all rifampin (RIF)-resistant strains
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of TB contain specific point mutations in the Rifampin
Resistance-Determining Region (RRDR) of rpoB (60, 72). With
INH resistance, a single mutation in codon 315 of katG is associ-
ated with up to 80% of isolates resistant to INH (11). A total of
70% to 80% of TB isolates resistant to pyrazinamide (PZA), an-
other common first-line drug used in TB treatment, contain mu-
tations within pncA (6, 19, 24, 58).

Among nontuberculous mycobacteria (NTM), infections by
members of the Mycobacterium avium complex (MAC) are among
those most frequently diagnosed in countries with a low TB inci-
dence such as the United States (21). Patients with MAC infec-
tions can present with clinical manifestations similar to MTBC
infections, such as cough, fever, malaise, and weight loss. MAC
infections also pose a serious clinical problem for immunocom-
promised patients, in whom extensive organ damage and dissem-
inated disease can occur. Furthermore, members of the MAC are
naturally resistant to most drugs used to treat MTBC (46); there-
fore, rapid identification of MAC and the discrimination of MAC
species from MTBC species is important for appropriate treat-
ment.

The use of molecular testing is becoming more widespread to
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TABLE 1 Primers used in the MDR-TB assay®

M. tuberculosis and NTM MID-DRS Assay

Amplification target Forward Reverse Amplicon (bp)
RD9 5'-GTGTAGGTCAGCCCCATCC-3’ 5'-GTAAGCGCGTGGTGTGGA-3' 369
hsp65 5'-ACCAACGATGGTGTGTCCAT-3’ 5'-CTTGTCGAACCGCATACCCT-3’ 441
katG 5'-GAGCCCGATGAGGTCTATTG-3' 5'-GTCCTTGGCGGTGTATTGC-3' 498
pncA PCR 5'-GACGTATGCGGGCGTTGA-3’ 5'-CCATCAGGAGCTGCAAACCA-3’ 569
rpoB PCR 5'-CGAGGTGCCGGTGGAAAC-3’ 5'-GTCGTCGTGCTCCAGGAAGG-3’ 721
rpoB sequencing 5'-GGTGGAAACCGACGACATC-3' 5'-GGCGGTCAGGTACACGATCT-3’ 508
pncA sequencing 5'-GTCGACGTGCAGAACGACTT-3' 5'-ACACACCCGCTGTCAGGTC-3' 472
MAC 16S rRNA gene 5'-GACCTCAAGACGCATGTCTTC-3’ 5'-ACCGTCAATCCGAGAAAACC-3’ 297
5'-GACCTTTAGRCGCATGTCTT-3’
1S6110 5'-GGATCCTGCGAGCGTAGGCGTCGG-3' 5'-CCTGTCCGGGACCACCCGCGGCAA-3' 200
16S rRNA gene sequencing 5'-AGAGTTTGATCCTGGCTCAG-3’ 5'-GGACTACCAGGGTATCTAAT-3' 798

@ All primers were designed for this study, with the exception of the RD9 forward primer (45), hsp65 primers (60), IS6110 primers (48), and 16S rRNA gene sequencing primers (67,
73), which were used for amplification and sequencing of the hypervariable region of the 16S rRNA gene.

meet the need for rapid identification of TB-positive cases, includ-
ing those harboring drug-resistant strains. Rapid molecular tests
for the identification of MAC cases remain less common, with the
AccuProbe culture test (Gen Probe, San Diego, CA) currently the
most commonly used commercial test in US public health labo-
ratories. For MTBC, the recently released GeneXpert MTB/RIF
test from Cepheid (Sunnyvale, CA) shows great utility as a rapid,
high-performance molecular assay to identify both TB and many
RIF-resistant strains directly from sputum (4). Another new test,
the GenoType MTBDR assay (Hain Lifesciences, Germany), per-
mits the screening of multidrug-resistant TB directly from clinical
specimens positive for acid-fast bacteria (AFB). However, the
availability and use of the GenoType MTBDR assay remains lim-
ited primarily to laboratories outside the United States (30, 63).
The development and use of laboratory-developed tests (LDT) for
TB detection and drug resistance screening have also increased in
recent years (6, 16, 41, 64, 75). For public health and other large
reference laboratories, molecular-based LDTs often offer addi-
tional advantages compared to commercial tests, such as the
ability to tailor assays to meet specific testing needs and greater
cost-effectiveness, since the existing capital equipment and infra-
structure can be utilized.

The MID-DRS assay described in this report utilizes a single
multiplexed PCR with two components, representing both rapid
mycobacterial identification and, in cases in which MTBC is de-
tected, targets for DNA sequencing-based screening of mutations
associated with resistance to the first-line drugs. The MID-DRS
assay was developed and evaluated using both bacterial isolates
and respiratory specimens, with complete analysis possible using
AFB-positive clinical specimens in as little as 2 days.

MATERIALS AND METHODS

Bacterial strains. Mycobacterial culture was performed using Middlebrook
7H9 liquid medium and incubation at 30°C. All culture isolates were con-
firmed as MTBC with the AccuProbe MTD assay (Gen Probe, San Diego, CA)
and characterized for in vitro drug susceptibility to INH (0.1 pg/ml), RIF (0.2
pg/ml), and PZA (100 ug/ml) with the radiometric Bactec 460 system (57)
(Becton Dickinson, Franklin Lakes, NJ). INH (0.2 and 1 ug/ml) and RIF (1
pg/ml) resistance was established by the agar proportion method using
Middlebrook 7H10 quadrant plates with impregnated Sensi-Disc antibiotic
disks (Becton Dickinson, Franklin Lakes, NJ) (66).

A total of 125 Mycobacterium tuberculosis culture isolates, derived
from clinical cases of pulmonary TB, were obtained from the strain col-
lection of the Washington State Public Health Laboratories (WAPHL).
MTBC isolates representing at least 28 different spoligotypes were selected
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based on spoligotyping information provided by the Genotyping Labora-
tory of the California Department of Health Services (27, 28). Spoligotyp-
ing was also used to discriminate M. bovis and M. africanum from other
MTBC strains. NTM strains used to assess assay specificity were cultured
on Lowenstein-Jensen slants at 37°C and identified by biochemical tests
(10, 29). Additionally, other bacterial pathogens associated with respira-
tory infection were also screened. The limit of detection of the PCR assay
was established using 5-fold serial dilutions of logarithmic-phase liquid
cultures of M. tuberculosis H37Rv ATCC 27294 and M. avium ATCC
25291 that were equilibrated to a McFarland standard of 1 (approximately
5 X 10° organisms/ml) (40). The numbers of CFU per milliliter were
quantified in duplicate for each dilution by the standard plate count
method. Sensitivity was determined as the lysate from the lowest dilution
of the cell suspension that produced visible bands after PCR amplifica-
tion.

Clinical specimens. A clinical panel comprised of 100 patient speci-
mens, including sputum (induced and expectorated) and respiratory
washes (bronchial and tracheal), was collected from a total of 81 unique
cases (no more than 2 specimens per individual were tested). The culture
test results were handled in a blinded manner until molecular testing was
complete. Specimens were prepared by digestion and decontamination
using the N-acetyl L-cysteine NaOH-Na citrate method (10, 29). Each
specimen was then centrifuged for 15 min at 2,500 X g to pellet the cells,
and the supernatant was discarded. Each pellet was resuspended in 1.5 ml
of sterile phosphate-buffered saline (PBS) (pH 6.8). Smears were prepared
from the decontaminated specimens by the use of Auramine O, and the
load of acid-fast bacteria was evaluated using fluorescence microscopy at
X20 and X40 magnification. A specimen was considered smear positive
when two or more AFB were present per 10 observed microscopic fields.
The smear-positive specimens were classified according to conventional
guidelines with scores of 1+ to 4+ based on the number of observed
AFB-positive cells present (10, 29).

DNA preparation. Sterile 1.5-ml screw cap microcentrifuge tubes
(Perfector Scientific, Atascadero, CA) were filled with equal weights (0.5
g) of <106-pum-diameter and 425- to 600-um-diameter acid-washed
glass beads (Sigma, St. Louis, MO). An aliquot (250 wl) of either processed
sputum or culture (equilibrated to a McFarland standard of 1 to 2) was
used in each extraction. Cells were heat inactivated by submersion of
tubes in a 95°C water bath for 30 min. Following inactivation, samples
were frozen at —20°C. Thawed cell lysates were then disrupted for 2 min
using a Cell Disruptor Genie (Scientific Industries, Bohemia, NY) and
centrifuged at 6,000 X g for 5 min. The clarified lysate was transferred to
a new tube and stored at —20°C until use.

Primer design. PCR primers were designed for each target region
(Table 1) by the use of Primer3 (53) and additional analysis to predict
secondary structure and primer-dimer interactions when multiplexed in a
14-primer PCR using FastPCR (51), Oligo Analyzer 3.0 (Integrated DNA
Technologies), and Mfold (25). Primer designs for the 1S6110 and RD9
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targets were based on the genome sequence of M. tuberculosis H37Rv
(GenBank accession no. NC_000962). To identify MAC species, a consen-
sus region derived from multiple sequence alignments of mycobacterial
16S rRNA gene sequences was created using ClustalW version 1.4 and
MAC-specific primers were designed using the resulting consensus region
and BioEdit version 7.0.9.0 (15, 61). The 16S DNA sequences from 84
different MAC strains, 9 other NTM species, 18 MTBC strains, and 9 other
common bacterial respiratory pathogens were compared during sequence
analysis. The putative primer sequences for the MAC assay were further
screened for specificity using a large panel of NTM and MAC sequences
(Table 2). A mix of two forward primers and one reverse primer was
necessary for the specific detection of all the MAC species. Cross-reactivity
was observed only with M. chimaera (GenBank accession no. AJ548480),
a former member of the MAC (47, 62) for which positive PCR results were
deemed correct, since in silico primer specificity studies showed that PCR
detection of M. chimaera was expected. The primer sequences used for all
other MID-DRS assay targets are outlined in Table 1. The 16S primers
used for bacterial species via rRNA gene sequencing were as previously
described (67, 73). The sequences of all primers used in this work are listed
in Table 1. Primer concentrations between 50 and 250 nmol were evalu-
ated for optimal performance. All primers were purchased from Integrated
DNA Technologies (IDT, San Diego, CA).

PCR amplification. Each PCR mixture contained 12.5 ul of 2X PCR
mix (ImmoMix Red; Bioline, Taunton, MA), 5 ul of primer mix (contain-
ing 2.05 uwmol/ul of IS6110 primers and 1 umol/ul of primers for RD9,
hsp65, rpoB, katG, pncA, and the MAC 16S rRNA gene), 2.5 ul of DNA
template, and 5 ul of PCR-grade water in a final volume of 25 ul. Genomic
DNA from M. tuberculosis ATCC 27294 and from M. avium ATCC 25291
served as positive-control templates. Amplification was performed using a
DNA Engine Dyad Peltier thermal cycler (Bio-Rad, Hercules, CA). Ther-
mocycling parameters were 95°C for 15 min; 40 cycles of 95°C for 30 s,
60°C for 50 s, and 72°C for 60 s; and a final step at 72°C for 5 min. The
resulting PCR products were analyzed via agarose gel electrophoresis us-
ing 1.5% (wt/vol) agarose (NuSieve 3:1; FMC Bioproducts, Rockland,
ME). The assay products were run for 60 min at 0.8 mV ¢cm? in 1X TBE
buffer (90 mM Tris, 90 mM borate, 20 mM EDTA [pH 8.0]). DNA was
stained with ethidium bromide (1 pg/ml), and the gels were imaged under
UV light (Alphalnnotech Corp, San Leandro, CA). PCR amplicon sizes
were estimated by comparison to molecular size markers (Hyperladder II;
Bioline USA Inc, Taunton, MA). The amplification of 16S rRNA gene for
sequence-based identification of bacterial species was performed as pre-
viously described (67, 73).

DNA sequencing. Prior to DNA sequencing, enzymatic cleanup of
each PCR was performed using a combination of Exonuclease I (Exo; New
England BioLabs, Ipswich, MA) and shrimp alkaline phosphatase (SAP;
USB, Affymetrix, Cleveland, OH) as described previously (68). For the
sequencing of specific PCR products, 1 ul of the ExoSAP-treated DNA
was mixed with 6 ul of 5X sequencing buffer and 2 ul of sequencing
reaction mix from a BigDye Terminator cycle sequencing kit, version 1.1
(Applied Biosystems, Foster City, CA), 2 ul of amplicon-specific primer
(2 pmol/pul), and 9 ul of PCR-grade water for a final volume of 20 ul. The
strand-labeling reactions were performed according to the manufactur-
er’s instructions (Applied Biosystems, Foster City, CA). Both strands of
each amplicon were sequenced to ensure accuracy of the test data. The
labeled DNA extension products were then purified using Sephadex G50
chromatography (GE Healthcare, Piscataway, NJ) and filter plates as de-
scribed by the manufacturer (Millipore, Billerica, MA). The purified ex-
tension products were first dried and then resuspended in 20 ul of Hi-Dye
formamide (Applied Biosystems, Foster City, CA). These were then se-
quenced using an ABI 3130x/ genetic analyzer loaded with a 50-cm array
according to the manufacturer’s instructions (Applied Biosystems, Foster
City, CA).

Sequencing analysis. Sequencing results were evaluated for quality
using Sequence Analysis software, version 5.3 (Applied Biosystems, Foster
City, CA). “Good quality” readouts were characterized by a continuous
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read length of greater than 300 bp and with 250 bases exceeding a Phred
score of quality value (QV) of >20 (QV) = —10 log,,p (where p is the
probability of error and the p value for QV > 20is 1.0%). The average raw
signal-to-noise ratio was above 150 for most sequence reads. Forward-
and reverse-strand sequences (excluding the primer sequences) for hsp65,
rpoB, katG, and pncA were assembled and edited with Sequencher (Gene
Codes, Ann Arbor, MI). All sequence reads derived from rpoB, katG, and
pncA amplicons were compared to the H37Rv sequences of these regions
to identify previously characterized mutations by the use of BioEdit (15).
Previously characterized mutations were defined as those associated with
drug resistance as listed in the Tuberculosis Drug Resistance Mutation
database (54). Unknown mycobacteria sequenced using hsp65 primers
(401 bases internal to the 441-bp amplicon) were identified using the
BLASTn search hosted by the British Columbia Center for Disease Con-
trol (BCCDC; http://hsp65blast.phsa.ca/) as having a minimum identity
score of 97.5% (41, 42). All results that were discrepant between sequenc-
ing and culture-DST were verified by repeating the sequencing and DST
using a fresh culture of the same isolate. 16S rRNA gene sequencing anal-
ysis employing the database search engines provided by RIDOM and
BLASTN was used to further identify those isolates that hsp65 analysis
failed to discriminate using the BCCDC database (64).

RESULTS

MID-DRS assay design. The MID-DRS utilizes a seven-target
multiplex PCR. The presence of specific amplicons produced by
the reaction allows the direct identification of either members of
the MAC (16S rRNA gene) or members of the MTBC (IS6110
positive), with the ability to also further differentiate M. tubercu-
losis or M. canetti (IS6110 positive/RD9 positive) from other
members of the MTBC, including M. bovis (37, 65). Additional
PCR products produced in the same reaction can be used as tem-
plates for DNA sequencing (hsp65) for mycobacterial identifica-
tion or confirmation and, ifa MTBC species is identified, to screen
for mutations associated with drug resistance (rpoB, katG, pncA)
(Fig. 1). Once optimized, each primer set produced a single am-
plicon corresponding to the predicted product size (Fig. 2). The
primer components were then pooled to create a single multi-
plexed PCR assay, with initial performance assessed using DNA
templates derived from M. tuberculosis H37Rv, M. bovis, and M.
avium. With M. tuberculosis H37Rv, all PCR amplicons were ob-
served except for the MAC-specific 16S amplicon (Fig. 2). Results
from the assay using M. bovis were similar to M. tuberculosis re-
sults, with the exception of RD9, which is absent from the M. bovis
genome and was therefore not amplified (5, 44). The performance
of the MID-DRS assay using M. avium DNA revealed that only the
MAC-specific 16S and hsp65 amplicons were produced (Fig. 2).
These results indicate that the primers designed for the MID-DRS
assay selectively amplify the intended target regions when com-
bined into a multiplex reaction while also allowing straightfor-
ward discrimination via amplicon sizes.

The analytical sensitivity of the MID-DRS reaction to detect
MTBC via the IS6110 amplicon was established to be 2 to 4 cells
(representing 32 to 64 copies of IS6110, approximately) (Fig. 3A).
However, at this concentration the rpoB amplicon could not be
clearly detected. Approximately 8 to 40 cells per reaction were
required in order to amplify all 6 PCR targets in the MID-DRS
assay (Fig. 3A), indicating this may be the minimal mycobacterial
cell concentration necessary to consistently amplify adequate
quantities of DNA template for use in the downstream sequencing
application. The analytical sensitivity of the MID-DRS for detect-
ing MAC was approximately 3 cells (approximately 3 copies of the
16S rRNA gene) (Fig. 3B).
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M. tuberculosis and NTM MID-DRS Assay

TABLE 2 MID-DRS PCR amplification products for mycobacterial and other bacterial strains used to screen specificity®

Target amplicon

Source or No. of isolates
Strain designation tested IS6110 RD9 rpoB katG pncA MAC 16S hsp65
MTBC
M. africanum WAPHL 1 + — + + + - +
M. bovis WAPHL 16 + - + + + - +
M. tuberculosis ATCC 25177 1 + + + + + - +
M. tuberculosis ATCC 27294 1 + + + + + - +
Not identified to the species level WAPHL 106 + + + + + — +
NTM (MAC)
M. avium ATCC 25291 1 — — — — — + +
M. avium WAPHL 7 — — — — — + +
M. chimaera WAPHL 2 — — — — — + +
M. intracellulare ATCC 13209 1 — — — — — + +
M. intracellulare ATCC 13950 1 — — — — — + +
M. intracellulare ATCC 35761 1 — — — — — + +
M. intracellulare WAPHL 3 — — — — — + +
Other NTM
M. abscessus WAPHL 1 - - — — — — +
M. chelonae® WAPHL 5 — — — — — — +
M. colombiense? WAPHL 1 - — — — — + +
M. cookii® WAPHL 2 - — — — — — +
M. fortuitum ATCC 6841 1 — — — — — _ +
M. fortuitum WAPHL 1 — - - — - - +
M. gordonae® WAPHL 6 - - - — - - +
M. kansasii WAPHL 1 _ _ _ _ _ _ _
M. malmoense ATCC 29571 1 — — — — — + +
M. marinum ATCC 927 1 — — — — - — +
M. mucogenicum® WAPHL 1 - - - — - - +
M. nebraskense WAPHL 9 — - — — — — +
M. nonchromogenicum ATCC 19530 1 — — — — — — +
M. peregrinum WAPHL 1 — — — - — — +
M. poriferae ATCC 35087 1 — — — — — _ +
M. scrofulaceum ATCC 19981 1 — — — — — + +
M. scrofulaceum WAPHL 3 - — - — - - +
M. shimoidei ATCC 27962 1 — — — — — —_ +
M. simiae ATCC 25273 1 — — — — — — +
M. szulgai ATCC 35799 1 — — — — — —_ +
M. xenopi WAPHL 1 — — — — — — +
Nonmycobacteria
Arcanobacterium haemolyticum WAPHL 1 - — - — - - —
Bordetella bronchiseptica ATCC 19395 1 + — + — — — +
Bordetella pertussis ATCC 9797 1 — — + — — _ +
Burkholderia cepacia ATCC 25410 1 — — — — + _ +
Corynebacterium striatum WAPHL 1 + — — — — — +
Escherichia coli ATCC 25922 1 — — — — — _ +
Gordonia bronchialis WAPHL 1 — — + — — _ _
Group A streptococcus ATCC 12370 1 - — — — + — _
Group B streptococcus ATCC 27591 1 - — — — — — _
Haemophilus influenzae ATCC 49247 1 - — - — — — _
Legionella pneumophila ATCC 33152 1 — + — — — _ _
Moraxella catarrhalis ATCC 25238 1 — — — — — _ _
Neisseria meningitidis ATCC 13077 1 - + — - — - +
Pseudomonas aeruginosa ATCC 27853 1 - — + — - — —
Rhodococcus equi WAPHL 1 - - - + - - +
Staphylococcus aureus ATCC 29213 1 — — - — - - _
Staphylococcus epidermidis ATCC 12228 1 - - — — + — +
Streptococcus anginosus ATCC 33397 1 — - — — + — +
Streptococcus pneumoniae ATCC 49619 1 - + - — + — +
Streptococcus salivarius ATCC 7073 1 — + — — + _ +
Yersinia pseudotuberculosis ATCC 23207 1 - + — — + + _

@ PCR amplicons observed after agarose gel electrophoresis of MID-DRS reactions. The presence (+) or absence (—) of target genes amplified using the MID-DRS multiplex
reaction is noted for each isolate tested.
b Results from a small subset of isolates from the blind panel used in validation are included to illustrate PCR amplicons obtained with additional mycobacterial species.
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Respiratory Specimens
Microscopy (AFB smear)
v v
AFB (-) AFB (+)
Inoculate |
Culture < l
No Growth AFB(+) _________
GrOMh Early culture
processed for |
PCR * *
I86110 (+) 186110 (-)
- Positive for MTBC
Negative after
8 Weeks Mac (-) Mac (+)
RD9 (+) RDO (-)
1
poB, katG, pncA E
Sequencing Iaap Y
Conventional DST Sequ?ncmg H Posnlv_e for
) . . *- M. Avium
Wild-type Mutation 1 Complex
DST Confirmation v v v
Results Available Pre"minary Pre"minary Confirm MTBC
2-9 weeks Sensitive. Resistant. or MAC
Confirm DST = Confirm DST

FIG 1 Proposed MID-DRS testing algorithm. Multiplex PCR is performed using AFB smear-positive processed sputum samples or cultures positive for AFB.
Amplification of IS6110 and RD9 prompts preliminary identification of M. tuberculosis and sequencing to screen for mutations associated with RIFr, INHF, and
PZAr. Lack of RD9 with IS6110 amplification or lack of IS6110 with RD9 amplification prompts hsp65 sequencing for confirmation of MTBC. All IS6110-negative
specimens are evaluated with hsp65 sequencing for confirmation of an (i) MTBC-negative result, (ii) M. avium result, or (iii) NTM identification. rDNA, rRNA

gene.

Performance evaluation of MID-DRS for detection of MTBC
and MAC. MTBC detection by IS6110 was shown to have 100%
sensitivity (125 of 125) and 96.8% specificity (61 of 63) using MID-
DRS to test the panel of previously characterized culture isolates (Ta-
ble 2). While no other NTMs were observed to produce an 1S6110
amplicon, Corynebacterium striatum and Bordetella bronchiseptica
produced weak amplicons of similar size to the 200-bp 1S6110 ampli-
con. In addition, the lysates of these respiratory pathogens generated
two unique amplicon profiles after agarose gel electrophoresis upon
retesting (Table 2). Specifically, DNA from C. striatum amplified
products that matched IS6110, rpoB, and hsp65 whereas B. bron-

1.2 3 4 5 6 7 8

9 10

FIG 2 Amplification products produced with the MID-DRS assay. Results of
agarose gel electrophoresis of PCR amplicons produced from the individual
and multiplexed primer pairs in the MID-DRS assay using genomic DNA are
shown. Lane 1, a Hyperladder II standard; lane 2, rpoB; lane 3, pncA; lane 4,
katG; lane 5, hsp65; lane 6, RD9; lane 7, 16S rRNA gene MAC; lane 8, 1S6110;
lane 9, multiplex PCR (7-plex) of all above-listed targets using TB DNA; lane
10, multiplex PCR (7-plex) of all above-listed targets using MAC DNA.
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chiseptica DNA amplified IS6110 and hsp65. The absence of the RD9
as well as the katG and pncA amplicons highlighted the results as
discordant, because the mycobacterial species screened produce ei-
ther 6 amplicons (M. tuberculosis and M. canetti) or 5 amplicons
(other MTBC). These results were further evaluated using a IS6110
singleplex reaction, which produced only a 200-bp band in the C.
striatum reaction. Attempts to obtain sequence data from the hsp65
amplicons produced by these isolates were unsuccessful even upon
repeat testing using fresh culture isolates. The identification of these
isolates to the species level was finally confirmed via 16S rRNA gene
sequence analysis.

The detection of MAC with the MID-DRS assay is dependent
on the targeted PCR amplification of a MAC-specific 16S rRNA
gene region (Fig. 2, Fig. 4). The MID-DRS correctly identified
100% (16 of 16) of MAC isolates. The specificity was 98.3%, with
the MAC amplicon being absent from 169 of 172 non-MAC iso-
lates (Table 2). Two of the three non-MAC isolates that gave a
positive PCR result were confirmed as non-MAC via sequence
analysis of the hsp65 amplicon. These were M. malmoense and M.
scrofulaceum. Acceptable hsp65 sequence data from the third iso-
late could not be generated, and the isolate was confirmed to be
Yersinia pseudotuberculosis via 16S rRNA gene sequence analysis.
Three additional clinical isolates of M. scrofulaceum were available
from the WAPHL strain collection and were analyzed to further
investigate the potential for cross-reactivity from this group of
organisms. No amplification of MAC-specific 16S PCR product
was observed in these M. scrofulaceum isolates, indicating that
only a subset of M. scrofulaceum strains may cross-react with the
MAC-specific primers.
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M. tuberculosis and NTM MID-DRS Assay

CFU/rxn

1

NS

MAC

MAC 16S rDNA

FIG 3 Limit of detection of MID-DRS multiplex PCR. The analytical sensitivity of the MID-DRS multiplex PCR was determined by comparison of resulting PCR
amplification products to numbers of CFU produced with serial dilutions of either M. tuberculosis H37Rv ATCC 27294 (A) or M. avium ATCC 25291 (B). Cell

counts were obtained by the direct plate count method.

Drug resistance screening using DNA sequencing with MID-
DRS products. Genomic regions of TB containing the highest
percentage of mutations that are strongly associated with resis-
tance to first-line drugs were selected for the MID-DRS reaction.
The targets were the RRDR of rpoB for RIF resistance (RIF), the
region of katG spanning codon 315 for INHY, and a portion of the
pncA coding region that is most strongly associated with resistance
to PZA (Table 1). Initial evaluation of the sequencing-based drug
resistance screening component of MID-DRS was performed us-
ing isolates collected at the WAPHL from 1999 to 2010. Screening
for RIF* via rpoB sequencing of 114 previously characterized M.
tuberculosis isolates resulted in the correct identification of 38 of
39 (97.4%) isolates with RIFr-associated mutations (Table 3). One
RIFrisolate had the wild-type sequence of the RRDR of rpoB. With
RIFs isolates, 74 of 75 (98.7%) were correctly identified as RIF*
(Table 3). A mutation in codon D516Y (GAC/TAC) was observed
in a single RIFs isolate, producing a false-positive result (see Table
6). For INH, the screening of codon 315 in katG allowed identifi-
cation of 60.6% (40 of 66) of the resistant isolates (Table 3). Fi-
nally, the ability of MID-DRS to detect PZA resistance was as-
sessed with 76 isolates. Eighteen of 24 (75%) PZAT isolates had
mutations in the pncA gene, while 1 of 52 (1.9%) of the PZAs

isolates contained a mutation in the same region (Table 3). While
the results of recent studies suggest that T61P, the prncA mutation
of thisisolate, is not a high-confidence mutation for PZA* (54), the
classification of this isolate as a false positive was retained for analysis
purposes, since no resistance was found by culture-based DST.

Validation of MID-DRS for MTBC and MAC identification
with culture isolates. The performance of the MID-DRS was val-
idated using a set of 93 clinical isolates of M. tuberculosis and NTM
and a blinded approach. MTBC detection using IS6110 correctly
identified 59 out 59 (100%) of MTBC isolates (Table 4). Twelve of
13 (92.3%) of the NTM species were correctly identified as MAC
by the use of MID-DRS (Table 5). Further evaluation of the false-
negative NTM by hsp65 sequencing resulted in the identification
of M. chimaera. Additionally, one NTM that was not identified as
a MAC species by culture amplified an amplicon equal in size to
the MAC 16S rRNA gene target amplicon and was thus considered
to represent a false positive. This isolate had an hsp65 sequence
without a match in the BCCDC database. Upon 16S rRNA gene
sequence analysis, the isolate showed 100% identity to M. peregri-
num/M. septicum.

Validation of MID-DRS for use with clinical specimens. A
total of 49 AFB smear-positive specimens submitted to the

avium subsp. av. 104

avium paratuberc.ATCC19698
intracell. B02BCSN AY648864
chimaera MAIS-13 AY859026
colombiense CIP108962
nebraskense ATCC BAR-837 AL »
scrofulaceum N134 AY215307 AC
malmoense RAF367025.1 .AC ..
tuberc. ATCC27294 FJ468345 -—

RRREZRXEIXR

FIG 4 Specificity of primers for the 16S rRNA gene of MAC. Strains shown represent a subset of all strains used for in silico primer selection. Light gray areas
represent the locations of forward and reverse primers with respect to the conventional base pair numbering of the 16S rRNA gene. Dark gray sections represent
sites where changes were made to the forward primer for the design of the secondary forward primer used in PCRs. av., avium; paratuberc., paratuberculosis;

intracell., intracellulare.
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TABLE 3 Sequencing-based identification of drug-resistant M.
tuberculosis complex isolates by the use of MID-DRS#

TABLE 5 Validation of MID-DRS PCR for identification of M. avium
complex?

No. of isolates with indicated culture

No. of isolates or samples with

DST result indicated MGIT culture result
MID-DRS PCR MID-DRS PCR (MAC 16S
result Resistant Sensitive ~ rRNA gene) result Positive Negative
RIF (rpoB) Isolates
Resistant 38 1 Positive 12 1
Sensitive 1 74 Negative 1 79
INH (katG) AFB-positive sputum samples
Resistant 40 0 Positive 4 1
Sensitive 26 48 Negative 0 44
@ For the isolates (blinded test), sensitivity was 92.3%, specificity was 98.8%), the
PZA (pncA) positive predictive value was 92.3%, and the negative predictive value was 98.8%. For
Resistant 18 1 the AFB-positive sputum samples, sensitivity was 100.0%, specificity was 97.8%, the
Sensitive 6 51 positive predictive value was 80.0%, and the negative predictive value was 100.0%.

@ For RIF, sensitivity was 97.4%, specificity was 98.7%, the positive predictive value was
97.4%, and the negative predictive value was 98.7%. For INH, sensitivity was 60.6%,
specificity was 100.0%, the positive predictive value was 100.0%, and the negative
predictive value was 64.9%. For PZA, sensitivity was 75.0%, specificity was 98.1%, the
positive predictive value was 94.7%, and the negative predictive value was 89.5%.

WAPHL between 2009 and 2010 were used to evaluate the perfor-
mance of MID-DRS with clinical specimens. The detection of
MTBC from AFB smear-positive specimens had a sensitivity of
100% and a specificity of 78.6% (Table 4). Among specimens col-
lected from TB patients undergoing treatment during or prior to
our study, two were classified as false positive, since no TB growth
was observed (23). Another specimen was also considered a false
positive, as it showed simultaneous products corresponding to
both TB and MAC species, and the performance of the MID-DRS
assay has not been evaluated for use with dual infections. This
specimen was collected from a patient previously treated for TB in
2007; however, only MAC was isolated from the patient’s sputum
specimen tested in this study. Sequence-based screening for drug
resistance was performed on a subset of 26 of the 49 AFB-positive
sputum specimens with AFB concentrations ranging from 1+ to
4+ as determined by smear microscopy. Fourteen of the speci-
mens with more than 10 AFB per field (3+ or more) gave reliable
sequencing results with consistently high-quality reads as defined
in Materials and Methods. The remaining 12 specimens with
lower AFB smear concentrations did not consistently provide
reads of good quality using the MID-DRS amplification products.

TABLE 4 Validation of MID-DRS PCR for identification of M.
tuberculosis complex?

No. of isolates or samples with
indicated MGIT culture result

MID-DRS PCR (IS6110)

result® Positive Negative
Isolates
Positive 59 0
Negative 0 34
AFB-positive sputum samples
Positive 35 3
Negative 0 11

a For the isolates (blinded test), sensitivity was 100.0%, specificity was 100.0%, the
positive predictive value was 100.0%, and the negative predictive value was 100.0%. For
the AFB-positive sputum samples, sensitivity was 100.0%, specificity was 78.6%, the
positive predictive value was 92.1%, and the negative predictive value was 100.0%.
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The results from this limited sample set suggest that clinical spec-
imens with more than 10 AFB per field may be necessary to pro-
duce MID-DRS products of reliable quantity for use as sequencing
templates in drug resistance screening or that a better specimen
concentration and DNA extraction protocol is required.

Four specimens were identified as MAC by both culture and
MID-DRS (Table 5). An additional specimen was considered a
false positive, as it produced an amplicon equal in size to the 16S
rRNA gene target amplicon. Due to its low AFB load (1+), hsp65
sequencing results were not available for species identification di-
rectly from this specimen. However, the isolate was identified as
M. chelonae by culture methods. The sequencing of hsp65 from
isolates identified as MAC by the MAC 16S rRNA gene PCR con-
firmed the presence of MAC species, including M. avium, M. in-
tracellulare, and M. chimaera.

Identification of NTM via hsp65 sequence analysis. The
441-bp hsp65 amplicon was sequenced for all mycobacterial iso-
lates that did not amplify IS6110 in either the original verification
panel or the blinded validation study (Table 2). Using the BCCDC
hsp65 sequence-based identification database, 26 of 29 (89.7%)
MAC 16S rRNA gene-positive isolates were confirmed as MAC
specimens and 43 other NTM were also identified to the species
level (41, 42). 16S rRNA gene sequencing-based identification was
conducted on four isolates for which conclusive identification us-
ing hsp65 could not be obtained. These isolates were identified as
M. xenopi, M. peregrinum/septicum, and M. cookii (2 isolates). The
16S sequencing results matched the biochemical identification of
these isolates, with the exception of the M. cookii isolates, which
were identified as M. scrofulaceum. In total, culture-based identi-
fication was in agreement with hsp65 sequencing results for 72 of
76 (94.7%) N'TM isolates.

Identification using hsp65 sequencing was also performed on
27 AFB-positive processed sputum samples, of which 21 (77.8%)
produced hsp65 amplification with subsequent good-quality se-
quencing reads as defined in Materials and Methods. Eighteen of
these specimens contained two or more AFB per field (=2+ AFB),
while 3 of the 9 specimens with 1+ AFB scores produced hsp65
sequences of sufficient quality. The results of biochemical identi-
fication matched the results of hsp65 sequence identification for
all 21 (100%) specimens.
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DISCUSSION

The rapid detection of MTBC is essential for outbreak control,
and the early identification of drug-resistant strains improves pa-
tient management decisions during TB therapy and aids public
health responses. The MID-DRS assay offers a rapid, sensitive, and
cost-effective molecular approach to accurately identify TB and
other mycobacteria in addition to screening for the most common
mutations associated with resistance to RIF, INH, and PZA. The
assay utilizes equipment for conventional PCR and capillary-
based DNA sequencing methods that are available to the majority
of large clinical laboratories. Furthermore, the assay facilitates the
simultaneous amplification of all targets needed for mycobacterial
identification and, if an MTBC species is detected, first-line drug
resistance screening reduces labor and reagent costs as well as
additional PCR amplification steps that could introduce user er-
rors (Fig. 1).

The 1S6110-based TB identification component of the MID-
DRS assay was highly specific for MTBC, as it did not cross-react
with over 40 NTM isolates and 19 other common respiratory
pathogens tested in the study (56) (Table 2). However, two non-
mycobacteria, C. striatum and B. bronchiseptica, produced PCR
products that were indistinguishable from the IS6110 amplicon by
the use of agarose gel electrophoresis. Corynebacterium spp. are
chemotaxonomically related to the mycobacteria and have been
associated with opportunistic infections in patients recovering
from invasive surgery (39). B. bronchiseptica is a common respi-
ratory pathogen of swine and thus could be associated with zoo-
notic transmission (3). Infection with C. striatum or B. bronchisep-
tica and their etiologies preclude them from being found in the
sputum of patients with pulmonary TB disease. Conversely, by
following the MID-DRS test algorithm (Fig. 1), in the event that a
nonspecific amplicon was detected by PCR, the lack of other
MDR-TB PCR targets would prompt subsequent hsp65 sequenc-
ing. This in turn would reduce the potential misidentification of
an organism as MTBC. Use of the complete testing algorithm also
ensured the proper identification of the small proportion of
MAC-positive specimens (less than 2% in the current study) that
were incorrectly identified as MAC by the use of the 16rRNA gene
PCR component of the MID-DRS assay. Therefore, the proposed
experimental flow, which incorporates hsp65 sequencing, can
confirm and therefore enhance the specificity of the initial PCR
results.

The potential to rapidly identify MAC and other NTM species
in countries with a low TB incidence such as the United States is
required within many health care systems to rule out MTBC in-
fections and inform critical decisions, including the imposition of
quarantine (21). The testing of a limited number of MAC-positive
clinical specimens with MID-DRS demonstrated a specificity of
97.8%, indicating that the rapid-detection component for MAC
could be a useful tool for high-throughput screening. Moreover,
the MID-DRS assay allows further species identification of MAC
complex members as well as the identification of other NTM spe-
cies through downstream sequencing of the hsp65 amplicon in-
cluded in the multiplex reaction. Therefore, the prompt identifi-
cation of other NTM and exclusion of MTBC in cases with
syndromic TB diagnosis is possible with this assay (41, 42).

Applying the MID-DRS assay for detection of TB from patient
specimens with AFB-positive smears further improved turn-
around time to a single day while retaining acceptable sensitivity
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and specificity, especially for patients with new TB cases who were
not currently under treatment. As with all DNA-based diagnostic
methods for TB, the results generated by MID-DRS PCR using
samples from patients undergoing TB treatment require careful
consideration in cases of syndromic diagnosis. In the present
study, we detected TB via DNA in two specimens that were TB
culture negative. Such individuals may continue to shed DNA
while harboring nonviable organisms after starting treatment (1,
23, 38). This time period appears to correlate with drug effective-
ness not only for reaching the infected area but also for inactivat-
ing bacteria (1, 23, 38). Some organisms are able to withstand and
shield themselves from treatment better than others, and slow-
growing mycobacteria are among the most difficult to target. For
example, studies have shown that leprosy patients (with M. leprae
disease) continue to test positive by PCR 3 months posttreatment
compared to patients diagnosed with infections by chlamydia,
whose DNA is no longer detected after the second week of treat-
ment (23, 38).

A limited set of smear-negative, culture-positive specimens
evaluated with the MIDR-DRS method indicated specificity of
almost 100% but reduced sensitivity (data not shown). Such a
small study set made a statistically valid evaluation of the method
with this specimen type impossible. However, the low sensitivity
of the method with smear-negative specimens was not unex-
pected, given the reduced performance of most nucleic acid am-
plification tests for TB with this specimen type (16, 18), including
commercially available tests such as the Amplified Mycobacte-
rium tuberculosis Direct Test (AMTD) (32). The sensitivity of
testing with smear-negative specimens may be improved by en-
riching the specimens via short-term culture as previously de-
scribed (41).

The results of preliminary drug resistance screening using
MID-DRS were possible within 2 days upon receipt of a smear-
positive specimen. The analysis of the sequence quality for tem-
plates amplified directly from clinical specimens indicated that
specimens with moderate AFB content (3+ or more) are capable
of yielding high-quality sequence data without additional ampli-
fication steps. Others have also been able to obtain sequencing
data directly from clinical specimens (9, 26, 45). A reduction in the
quality of DNA sequences is commonly encountered with speci-
mens containing low numbers of AFB, because these specimens
typically display suboptimal amplification of the templates re-
quired for sequencing analysis. This is a result of the typically low
yield of purified DNA in addition to the carryover of inhibitory
compounds from sputum specimens (2, 33).

In this study, the distribution of mutations within rpoB ob-
served in TB isolates was similar to the distribution found globally,
with the S531L mutation in RpoB the most prevalent (59.0%),
followed by mutations in codon 526 (30.8%) and codon 516
(5.1%) (Table 6) (6, 17, 48, 72). In one instance, we detected a
mutation in codon D516Y in an isolate that was sensitive to RIF
(72). Previous reports suggest D516V is the most common muta-
tion for this codon in RIF strains (22, 43, 72). Further investiga-
tion is necessary to assess the strength of association with RIF" of
different amino acid substitutions at this codon.

The sensitivity of detection of INH resistance by screening for
mutations in katG codon 315 was 60.6%. This is within the previ-
ously reported range of 20% to 80% noted for this mutation (49,
52, 59). The detection of INH" associated with mutations in katG
codon 315 was incorporated into the assay to provide the highest
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TABLE 6 Distribution of mutations associated with drug-resistant MTBC¢

No. of isolates with

% tested isolates with 06 resistant isolates
0

No. of isolates screened mutation mutation . .
showing multidrug

Gene Mutation Total Resistant Sensitive Resistant Sensitive Resistant Sensitive resistance
rpoB Q513K (CAA/AAA) 114 39 75 1 0 2.6 0.0 48.7

rpoB D516V (GAC/GTC) 114 39 75 2 0 5.1 0.0

rpoB D516Y (GAC/TAC) 114 39 75 0 1 0.0 1.3

rpoB H526Y (CAC/TAC) 114 39 75 4 0 10.3 0.0

rpoB H526D (CAC/GAC) 114 39 75 3 0 7.7 0.0

rpoB H526C (CAC/TGC) 114 39 75 2 0 5.1 0.0

rpoB H526L (CAC/CTC) 114 39 75 3 0 7.7 0.0

rpoB S531L (TCG/TTG) 114 39 75 23 0 59.0 0.0

katG S315T (AGC/ACC) 114 66 48 40 0 60.6 0.0 45.7

pncA H57D (CAC/GAC) 76 24 52 15 0 62.5 0.0 10.5

pncA H57P (CAC/CCC) 76 24 52 1 0 4.2 0.0

pncA T61P (ACA/CCA) 76 24 52 0 1 0.0 1.9

pncA H82D (CAT/GAC) 76 24 52 1 0 4.2 0.0

pncA C138Y (TGT/TAT) 76 24 52 1 0 4.2 0.0

@ Results indicate the prevalence of various alleles associated with RIFr, INHY, and PZAr that were detected when clinical isolates were screened during the evaluation of the MID-

DRS assay.

level of association with drug resistance for a single target. How-
ever, other mutations are known to confer INH', notably, muta-
tions in the promoter region of inhA and nod (34, 49). We are
investigating the expansion of the MID-DRS method to include
additional amplicons that would permit these targets to be ana-
lyzed as well. The overall sensitivity of INH" screening was in-
creased from 60.1% to 79.7% by the further interrogation of the
inhA promoter region of 12 INH" isolates that had the wild-type
katG allele within the sample set (data not shown).

Approximately 70% of the resistance in PZAr isolates occurs as
a result of mutation in the pncA promoter or coding region (19,
55). We observed comparable levels of sensitivity with 75.0% of
PZA" isolates harboring mutations in prcA. Resistance to PZA is
also a common marker for M. bovis (5), a member of the MTBC
which is naturally resistant to PZA and is occasionally implicated
in human-to-human airborne transmission of bovine TB (13, 14,
36). In the United States, rates of PZA" are low at 3.1%; therefore,
screening for PZA" may be useful when targeting patients with a
history of close contact with cattle and/or consumption of unpas-
teurized milk and milk products from regions with high M. bovis
rates (12, 20, 35). In addition, M. bovis BCG is given intravesicu-
larly to bladder cancer patients as a treatment strategy. Monitor-
ing for potential complications resulting from this procedure is
sometimes necessary, and public health laboratories play an essen-
tial role in this effort (31, 50, 74). During our study, 1S6110-
positive isolates, lacking RD9 and positive for a pncA H57D mu-
tation (5), were correlated to 100% (16 of 16) of isolates identified
as M. bovis or M. bovis BCG by spoligotyping, making our detec-
tion strategy a simple preliminary test for this organism.

In conclusion, MID-DRS assists in the rapid confirmation of
TB, MAC, and other NTM species in smear-positive specimens
and reduces the time and number of steps necessary to assess
resistance to first-line TB drugs. The utilization of conventional
PCR and capillary sequencing for drug resistance screening makes
the assay amenable to future expansion to interrogate other tar-
gets. Globally, approximately 5.4% of MDR-TB cases had exten-
sively drug-resistant TB (XDR-TB) in 2008 and an estimated
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25,000 people acquire XDR-TB every year (7, 70). Expansion of
the assay to include other targets associated with drug resistance,
especially ones correlated with resistance to second-line drugs in-
dicative of XDR-TB strains, could quickly provide public health
laboratories with necessary tools to respond rapidly to these rare
but increasing threats.
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